We show that with a system of electrically-gated wide quantum wells embedded inside a simple dielectric waveguide structure, it is possible to excite, control, and observe waveguided exciton polaritons that carry an electric dipole moment. We demonstrate that the energy of the propagating dipolariton can be easily tuned using local electrical gates, that their excitation and extraction can be easily done using simple evaporated metal gratings, and that the dipolar interactions between polaritons and between polaritons and excitons can also be controlled by the applied electric fields. This system of gated flying dipolaritons thus exhibit the ability to locally control both the single polariton properties as well as the interactions between polaritons, which should open up opportunities for constructing complex polaritonic circuits and for studying strongly-interacting, correlated polariton gases.
I. INTRODUCTION
Exciton polaritons are the dressed states of quantum well (QW) excitons which are strongly coupled to confined photons. Following their first experimental discovery [1] , exciton-polaritons with photons confined in a cavity mode of a semiconductor microcavity (MC) have displayed a range of quantum collective phenomena [2] [3] [4] [5] [6] [7] [8] [9] [10] previously observed only in cold atomic gases. Exciton-polaritons are also promising for realizations of new polariton based logic circuitry which, if successful, would enable extremely fast transfer and processing of coherent information packets [11] . Over the last few years, various building blocks for polariton-based circuits where demonstrated [12] [13] [14] [15] [16] [17] [18] . In spite of the continuously growing number of experimental demonstrations of different device concepts, MC-polaritons have several significant drawbacks when considering complex large scale polaritonic circuits: Due to the inherently thick geometry of the MC, the polaritons reside very far from the surface of the chip. As a result, control over the polariton confinement potential is possible only after complex processing of the distributed Bragg reflectors (DBRs) [19] . This large DBR thickness also strongly limits the ability to locally shape the polariton potential landscape using spatially varying electrical fields applied via small electric gates, as the gates must be placed very far from the QWs plane. Moreover, the polaritons lifetime and thus their maximal propagation length are inherently limited by the finite reflectivity of the DBRs. MC-polaritons also leak as they propagate, thus the position of their out-coupling is hard to control. In addition, the QW excitons are neutral, and their interactions are therefore short ranged [20] and cannot be tuned (The typical interaction strength in GaAs QWs is of the order of 5 µeV µm 2 [21] ), limiting the tunability of nonlinearities required in polaritonic devices, and the ability to use them for studying strongly correlated systems [22, 23] . Recently, it was demonstrated that partially indirect MC-polaritons can form from an admixture of direct and indirect excitons in an electrically biased asymmetric double QW structure [24] . It was calculated [25] that these polaritons should possess electric dipole moments due to the e-h charge separation of their indirect excitonic part (thus they were termed dipolaritons) [26] . However a direct signature of their dipolar nature, exhibited as dipoledipole interactions between polaritons has not yet been observed experimentally, and observing and controlling dipolar interactions between polaritons is still an open challenge.
In this work we demonstrate that by integrating electrically-gated wide QWs into simple photonic waveguide (WG) geometry, we can form dipolar WG-polaritons, allowing better control and additional functionality for the realization of future polaritonic devices. We specifically demonstrate that the energy of the polaritons can be widely tuned locally via the application of small voltages on lithographically defined evaporated gates [27] . Furthermore we show that the applied voltage induces a highly tunable electric-dipole to the excitonic part of the polariton. This induced dipole leads to an observed repulsive dipole-dipole interactions between the dipolaritons. We also show that a controlled outcoupling of the polariton signal is easily achieved by properly designed metallic out-couplers.
FIG. 1. (a) An Illustration of the experimental scheme.
A non resonant excitation through a thin Ti electrode is used to excite polaritons which propagate with a propagation constant β. A gold grating coupler with a periodicity of 240 nm is used to read out the signal. (b) Numerical calculation of the expected dispersion from our device in the absence of an electric field. The bare heavy hole (X hh ) and light hole (X lh ) excitons are marked as well as The LP, MP and UP polariton branches. The bare WG mode is illustrated by the dashed line. c) Calculations of the charge distribution along the growth direction for F = 0, 12 and 22kV /cm. (The non-uniform distribution when F = 0 originates from the mass difference between the electron and the hole which makes the electron wave function more extended.) (d) Calculations of the exciton red shift and effective dipole length as a function of F.
The general structure and physical concept are plotted in Fig.1(a) , where a set of 12, 20 nm wide, Al 0.4 Ga 0.6 As/GaAs/Al 0.4 Ga 0.6 As QWs serve as the core of a slab waveguide on top of a 500 nm bottom clad layer of Al 0.8 Ga 0.2 As, and with no top clad layer. The details of the sample structure and the experimental setup are given in Appenix A. The WG polaritons result from the strong coupling of the propagating waveguide TE-mode of the structure [28] , having a WG propagation constant β, and the heavy-hole and light-hole excitonic optical transitions of the QWs having an in-plane k-vector k X = β. This strong coupling leads to three polariton branches, the Upper (UP), middle (MP) and lower (LP) branches, that exhibit an anti-crossing in their dispersion around β 0 that satisfy E X (β 0 ) = E p (β 0 ) i.e., the crossing points of the bare modes dispersion, as was shown in Refs. [29] [30] [31] . The calculated dispersion of the system, E(β), based on a transfer matrix formalism (see Appendix B) is plotted in Fig.1(b) . Since here the optical mode is confined by total internal reflection rather than by reflection from mirrors, the resultant WG polaritons can propagate with much less optical losses, and at velocities determined by β, which are an order of magnitude larger than those typical for MC-polaritons [30] . On top of the sample, a 10 nm thick, semitransparent Ti channel was deposited. This channel serves as a top electrode, to which voltage can be applied with respect to the n + back gate, resulting in a constant electric field (F) directed perpendicular to the QWs plane (see inset of Fig.1(a) ). The effect of the electric field is a quadratic Stark energy red-shift of the exciton resonance [32] , leading to a red shift of the energy of all the polaritonic branches at the anticrossing point and to a decrease of β 0 . Furthermore, The applied field induces a net charge separation along the z-direction, inducing a net electric dipole moment for the exciton and thus for the WG-polaritons. Both the energy of the WGpolaritons and their dipole moment are controlled by the applied field. Fig.1(c,d) show self consistent Schrödinger-Poisson solutions of the charge density, the exciton energy shift and the effective dipole of the exciton (Due to the overlap between the wavefunctions of the holes and the electrons, the effective dipole length which controls the dipolar interactions, is smaller the the actual charge separation. See Appendix E for more information) for several values of (F) respectively.
II. ELECTRIC FIELD CONTROL OF THE SINGLE POLARITON PROPERTIES
We first focus on measurements of the single WGpolariton properties and their dependence on F. To excite these WG-polaritons, a non-resonant CW laser (at 780 nm) is focused on one end of the gated channel, which creates a reservoir of uncoupled excitons at the excitation spot. A large fraction of the excitons relax and accumulate at the bottleneck of the LP branch of the polariton dispersion, just below the anti-crossing point [21] . These bottleneck WG-polaritons reside around β ∼ 26.2µm
where the dispersion is steep and thus they have a very high group velocity of v g = 1 h dE dβ ∼ 67µm/ps. In this sense the WG-polaritons are naturally "flying". Some of these WG-polaritons propagate along the Ti channel, so to extract them out of the WG at a specific location, we deposit an Au grating coupler on top of the Ti channel. The periodicity of the grating is chosen so that the magnitude of its reciprocal lattice vector matches the parallel momentum of the anti-crossing point of the polariton dispersion. As a result, the polariton dispersion around the anticrossing point shifts towards zero parallel momentum and is coupled out by the grating, where their photoluminescence (PL) can be measured. Fig.1(b) shows the calculated dispersion of the emitted light after it is coupled out by the metal grating, as a function of k || (defined in Fig.1(a) , see calculation details in Appendix B). The Hamiltonian of the sys- tem neglecting particle interactions is given by:
Where ω hh , ω lh and ω p are the X hh , X lh , and photon bare eigenfrequencies respectively and Ω hh p /Ω lh p are the corresponding Rabi frequencies. Two terms in Eq.1, depend on F: the first is the bare exciton energy, which undergoes a quadratic Stark red shift due to the interaction with the electric field [32] , as was depicted in Fig.1(d) . The second is the Rabi frequency, which is proportional to the overlap integral between the envelope functions of the hole and the electron in the QWs. The charge separation induced by the perpendicular electric field ( Fig.1(c) ) reduces this integral,thus reducing the Rabi frequencies with increasing field. The effect of F on the measured dispersion can be clearly seen in Fig.2(a-c) , where we show the PL dispersion coming out of the out-coupler for three different values of the applied electric field, and at a fixed excitation CW power of 37 µW . Here the excitation spot is close to the outcoupler and the temperature is relatively high (T=30 K), so all coupled and bare-exciton modes can be observed including the X lh and the MP branch. First, the red shift of the bare X hh energy with F results in a red shift of the whole polaritonic dispersion, and in a shift of the LP bottleneck to lower β values. Due to the thin design of the sample, a small voltage of only 4 V leads to large polariton energy shifts of 15 meV, as can be seen in Fig.2(d) , and to a significant shift of β at the bottleneck [33] . This demonstrates the electric-field control capabilities of the WG-polariton system, which is a significant advantage over MC-polaritons. The other effect of F is the reduction of the MP-LP energy splitting with increasing F due to the reduction of the electron-hole wavefunction overlap. Fig.2 (e) were extracted by fitting the dispersion to Eq.1, shown as dotted black lines in Fig.2(a-c) . The red line in Fig.2(e) is the theoretically calculated Ω hh p (F )/Ω hh p (0) from the e-h wavefunction overlap using the numerical Schrödinger-Poisson solver. A very good agreement between experiment and theory is found. Even at a very significant LP energy shift of 10 meV, the MP-LP splitting is reduced by only less than a factor of 2, and the system is still well within the strongcoupling regime. (marked by the black points on (a)) as a function of the LP emission intensity, for 3 different values of F. (c) An estimation for the density of the dipoles extracted from the ∆E values in (b) using the mean field model. The value of the effective dipole for a selected point on each of the three curves is marked.
III. ELECTRIC FIELD CONTROL OF INDUCED DIPOLAR INTERACTIONS BETWEEN POLARITONS
Next we turn to observe the particle-particle interactions. In the presence of an electric field the excitons, and thus the WG-polaritons become dipolar, with their dipole moments all pointing at the same direction, i.e., perpendicular to the QW plane. In this case the dipole-dipole interactions are repulsive, and thus are expected to yield an increase in the energy of the dipoles, which should result in a blue-shifted emission spectrum. Importantly, the interaction-induced energy blue-shift, ∆E, is proportional to the dipole size d [22, 23] . d in turn depends on the magnitude of F (as was shown in Fig.1(d) ), and on the dipoles density, which due to electric screening reduces the effective Stark shift and thus tends to reduce the effective dipole. In absence of spatial correlations, the interaction energy of a population of dipoles with an average density n is given by [22] :
where e is the electron charge, is the dielectric constant, and d is the effective dipole length. We thus expect that a clear signature of dipolar interactions between WG-polaritons is an observation of a positive ∆E(F, n) which should increase with increasing dipole density n, and that its slope with respect to n should increase with increasing F. We also expect that for a fixed F, ∆E should increase sub-linearly with n, since as mentioned above, d decreases with increasing n. To check these predictions, we conducted a sequence of measurements with a pulsed laser excitation (at 775nm with 300ps pulse duration) on a similar device as was described above at T=5 K. To observe only polariton-polariton interactions, the optical excitation was focused 15 µm away from the out-coupler, and the emission from the out-coupler was measured using a gated intensified camera (PI-MAX) with a 10ns exposure window overlapping the laser pulse. Since the bare X hh is too slow to reach the out-coupler within the short accumulation time of the camera, we observed mostly emission from the fast, low-loss LPs, and the emission from the bare X hh was very weak, as can be seen from the measured emission spectra in Fig.3(a) . Since the particles density increases with increasing excitation power, we expect a corresponding increase in the polariton energy. We conducted such power sequences with different fixed F values. In Fig.3(a) we present results from three of these sequences for 3 different values of F. These measurements clearly show a blue shift of the LP line with increasing excitation power, which is indeed more significant as F is increased. We note that during these measurements no polarizer was used for the PL and thus the TM-mode was also measured (marked in the top left panel of Fig.3(a) ). Since the LP density at the outcoupler is proportional to the LP emission intensity (the lifetime of the polaritons under the coupler is given by the coupling efficiency and is fixed for all experiments), we plot in Fig.3(b) the extracted ∆E of the LP-mode (below the avoided crossing point where the X hh fraction is 2 ) as a function of the LP intensity. Again, a clear increase of ∆E with increasing intensity and thus with increasing polariton density is observed, indicating that this is indeed a many-body interaction effect. Furthermore, the increase is sublinear with the intensity, and its slope significantly increases with increasing F, as is expected for dipolar interactions. The maximal measured ∆E increases from 0.8 meV at the lowest F value to 2 meV at the highest. On the contrary, such a dependence is not expected for non-dipolar, short-range interactions.
Using the Schrödinger-Poisson solver, we can extract the effective value of d for each measurement point in Fig.3(b) and utilize it to calculate the Fdependent coupling constant g in Eq.2. This yields g ∼ 5.7 µeV µm 2 for F = 22 kV /cm, g ∼ 3.6 µeV µm 2 for F = 15 kV /cm and g ∼ 1.4 µeV µm 2 for F = 7.5 kV /cm [34] . These values demonstrate that the dipolar interaction strength can be electrically controlled over a large tuning range, as was theoretically calculated in Ref. [35] , and seems to be much larger than the prediction of Ref. [25] . Next, using these values of g and the corresponding values of ∆E, we estimated the local density of the dipoles n at the out-coupler point, which we plot in Fig.3(c) . These dipole densities are given by: n = n x + χ x n p where n x (n p ) are densities of the excitons (polaritons) and χ x is the excitonic weight in the polaritonic wavefunction. Since from the spectra we see that almost all the particles are from the LP-mode, we have n χ x n p [36] IV. CONCLUSIONS
In conclusion we showed that electrically gated WG-polaritons are highly tunable, where both the single polariton properties as well the dipolar polariton-polariton interaction strength can be easily controlled over a large range of values via local changes of the applied electric field. These polaritons are also fast propagating, inherently low-loss, and their in-and out-coupling can also be well controlled, making them highly suitable for both fundamental studies of interacting polariton systems and of interaction induced spatial correlations, as well as for future polariton-based logic circuitry. In particular, the dependence of the polariton energy on F, and the ability to vary F locally due to the proximity of the polaritons to the surface, suggests that various potential and interaction landscapes can be tailored by choosing different layout for the top electrodes. The data which is presented in the paper was acquired during two different experiments. The difference between the experiments was in the temperature of the sample and in the method of optical excitation. The data which is presented in Fig.2 of the paper was acquired under CW laser excitation at λ = 780nm and at 30 K. Here Only the TEpolarized PL (with respect to the out-coupler grating) was measured. The data which is presented in Fig.3 was acquired at 5 K under pulsed excitation at λ = 775nm where the pulse width and repetition rate were 300ps and 200kHz respectively and the PL was acquired during a 10ns accumulation window starting at the rise of the laser pulse, using a gated intensified camera (PI-MAX). Here no polarizer was used during the acquisition of the PL and thus both the TE and the TM modes were measured. The measurements were done using the k-space imaging setup which is illustrated in Fig.5 . The position of the excitation beam (spot size of ∼ 4 µm ) with respect to the grating is controlled by the mirrors M1 and M2. A pinhole located in the first image plane filters out photons which were emitted from regions around the grating. We used an x20 infinity corrected objective (NA=0.42), a Fourier lens of f=50 cm and an imaging lens of f=40 cm.
Appendix B: Sample design and numerical simulations
The design of our sample and some of the analysis were done with a numerical solver written in our lab. The solver, which calculates the response functions (reflection and transmission) of a stack of thin dielectric films with one periodic layer, is based on the method of rigorous coupled wave analysis (RCWA) [37, 38] and the transfer matrix formalism [39] . In addition, the solver allows us to calculate the electromagnetic field distribution inside the WG from which the overlap between the photonic mode and each of the QWs can be deduced. In Fig.6 we present examples of typical calculations simulating the response of our sample.
Appendix C: TE and TM waveguide polaritons
Excitons in GaAs QWs can be classified by the orientation of their optical dipole moment. T (L) excitons have an in-plane oriented optical dipole moment which is perpendicular (parallel) to their center-ofmass wave-vector, respectively. The optical dipole of Z-excitons is oriented along the growth direction of the QW. Due to symmetry considerations, Coupling of photons to Z-excitons is allowed only for the X lh [40] . TE-polaritons, which are waveguide polaritons consisting of a TE-polarized WG photonic mode, can be composed of both T-X hh and T-X lh , while TM-polaritons (with a TM-polarized WG photon), can be composed of L-X hh , L-X lh and Z-X lh . In addition, the interaction strength of the TM WG-mode and the L-X hh is proportional to the in-plane component of the electromagnetic polarization vector (∝ kz k ) [40] . In our system
hh p (T M ), so the TE polaritons have a larger Rabi-splitting. This is the main reason we focus on those polaritons in this work. We also note that due to the reduced interaction between the TM-mode and the X hh , the TE and TM polaritons have different dispersion, and are therefore easily separable (See Fig.6 ). This is another feature which distinguishes WG-polaritons from MCpolaritons, which might be used to explore various types of inter-polarization parametric scatterings. 
substituting Eq.E1 into Eq.E2 and integrating over r we get: 
(E4)
FIG. 7. The probability distribution of the electron and the heavy hole at (a) F = 0 and (b) F = 22kV /cm calculated using our self consistent Schrödinger-Poisson solver.
Appendix F: PL of the Quantum Wells
Here we present two PL spectra of the sample at the excitation point at the two different temperatures at which the measurements in the paper were taken. The light hole excitons can be seen in both, but are much more significant at the higher temperature of 30K
